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Abstract 6 




 mesa photodiode array (each photodiode of area 7 
200 µm by 200 µm, with a 3 µm i layer) has been investigated for its utility as a detector for direct detection 8 
electron (β
-
 particle) spectroscopy.  Each photodiode was electrically characterised and its response to 9 




 particle source was investigated at 20 °C.  The percentage of electron 10 
energy absorbed in the active layer (i layer), Eabs, of the photodiode and the spectrum expected to be detected, 11 




 particle 12 
spectra are presented and demonstrate uniformity in response across the two by two pixel array.  The percentage 13 
of electron energy absorbed in the active layer of the detector was at a maximum of 0.53 ± 0.04 for electrons 14 
with an energy of 38 keV; the percentage of electron energy absorbed in the active layer of the detector reduced 15 
to 0.29 ± 0.02 at 66 keV.   16 
 17 
To increase the percentage of electron energy absorbed in the active layer of the detector at high energies, 18 
inactive Al absorption layers placed atop the detecting structure were investigated as part of the modelling work.  19 
These additional Al layers partially attenuated the β
-
 particles’ energy, thus reducing the incident particles’ 20 
energy to values more readily detected by the relatively thin photodiode.  Al layers of 20 µm, 100 µm, and 500 21 
µm thickness were investigated and found, by modelling, to increase the percentage of electron energy absorbed 22 




AlGaAs; Electron detector; Spectroscopy; Photodiode; Array; Semiconductor  27 
 28 
1.  Introduction 29 
Space-borne electron spectrometers are used to study planetary magnetospheres, atmospheres, and surfaces, and 30 
their associated interactions with the solar wind and other forms of ionising radiation [1].  Efforts to understand 31 
such interactions have motivated considerable research efforts e.g. at Mercury [2], Jupiter [3], and Pluto [4].  32 
However, present understanding is still far from complete [5].  As such, there is demand for electron 33 
spectrometers that can not only withstand the harsh environments of space, but also provide improved spectral 34 
and spatial resolutions in order to elucidate planetary and solar system processes.   35 
 36 
Today, most semiconductor electron detecting instruments use Si detectors to determine the energies and, 37 
sometimes angular distributions, of incoming electrons.  In many cases, the performance of Si as an electron 38 
detecting material is excellent; however, in high temperature (≥ 20 °C) and intense radiation environments (such 39 
as those experienced during space missions) other materials may be preferable.   40 
 41 
Radiation detectors made from wide bandgap materials, such as AlxGa1-xAs [6][7][8], can possess superior 42 
resolutions at high temperature (≥ 20 °C) in comparison to Si detectors of comparable geometry.  This is a 43 
consequence of the relatively wide bandgap of AlxGa1-xAs (1.67 eV for Al0.2Ga0.8As [9] cf. 1.1 eV for Si [10]), 44 
which could lower thermally induced leakage currents [10] and consequently, lower parallel white noise 45 
contributions [11].  This benefit could aid in the exploration of high temperature environments found in space, 46 
such as those at Mercury (e.g. ≈ 400 °C [12]) and at comets when they are in the inner solar system (e.g. 87 °C 47 
at Halley’s comet at a distance of 0.8 AU [13]), where current Si detectors are unable to operate without 48 
cooling.  Si is also susceptible to radiation damage, causing degradation in spectrometer energy resolution over 49 
time within intense radiation environments (such environments are commonly encountered by space science 50 
instrumentation [14] [15]).  AlxGa1-xAs solar cells are expected to have better radiation hardness [16][17][18], 51 
which may also apply to AlxGa1-xAs radiation detectors, prolonging spectrometer lifetimes compared with those 52 
that use Si detectors.  These features are of particular interest for space science missions to study the Jovian [19] 53 
[20] and Saturnian [21] plasma environments, where background radiation doses can be particularly intense (e.g. 54 
200 krad per day [22]). 55 
 56 
Previously, results characterising prototype single pixel AlxGa1-xAs photodiodes of various Al concentration 57 
have been reported, with investigations primarily focused on soft X-ray photon detection.  Single pixel 58 
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 photodiodes (200 µm diameter, 3 µm i layer) [23] have been characterised as soft X-ray photon 60 
counting detectors at room temperature (20 °C).  Temperature dependence studies of AlxGa1-xAs detectors with 61 
these Al concentrations have also been reported [24][25].  Spectroscopic particle counting electron (β
-
 particle) 62 




 photodiodes (400 µm 63 
diameter, 1 µm i layer) operated at 20 °C [26].   64 
 65 
In the present work, Al0.2Ga0.8As photodiodes were investigated and characterised for the first time as direct 66 
detection electron (β
-
 particle) detectors for particle counting spectroscopy.  The work used a custom 2 × 2 67 
square pixel Al0.2Ga0.8As photodiode array originally intended as a developmental prototype for X-ray detection 68 
[27].  To investigate their response to illumination with β
-
 particles, the detector array was illuminated with a 69 




 particle source which consisted of 70 
a 7 mm × 7 mm, 3 µm thick, active 
63
Ni layer, electroplated onto an ~50 µm thick inactive Ni foil substrate, and 71 
covered with a protective 1 µm thick inactive electroplated Ni overlayer.   72 
 73 





 structure was grown to the authors’ specifications at the Engineering and Physics 75 
Sciences Research Council (EPSRC) National Centre for III-V Technologies, Sheffield, UK, by metalorganic 76 
vapour phase epitaxy (MOVPE) on a commercial GaAs n
+
 substrate.  The layer details are summarised in Table 77 
1.  A four pixel (2 × 2) array of square, 200 µm × 200 µm, mesa structures was formed using 1:1:1 78 
H3PO4:H2O2:H2O solution followed by 10 s in 1:8:80 H2SO4:H2O2:H2O solution.  An Ohmic contact, consisting 79 
of 20 nm InGe and 200 nm Au, was evaporated onto the rear of the substrate, and an Ohmic top contact of 20 80 
nm Ti and 200 nm Au was evaporated onto the p
+
 side of each mesa device; the devices were unpassivated.  Fig. 81 




 pixels.  For convenience the pixels have been labelled 82 
D1, D2, D3, and D4.  The p
+
 metal top contact covers 50 % of each pixel’s surface.  The devices were packaged 83 
in a TO-5 can [28], a standardised metal semiconductor package.  General electrical characterisation of the array 84 
was reported in ref. [27]; before obtaining the new β
-
 particle spectra presented in this new work, each pixel’s 85 
electrical characteristics (leakage current and capacitance) were measured again as per ref. [27].  The array’s 86 
electrical performance was identical to that already reported.  87 
 88 
 89 
Fig. 1.  Schematic top-down of the array (not to scale). 90 
 91 
Table 1.  Layer details of the Al0.2Ga0.8As p
+-i-n+ structure from which the devices were fabricated. 92 
 93 
 94 
3.  Percentage of electron energy absorbed by the detector 95 
The Monte Carlo simulation program CASINO [29][30], with which electron trajectories in solids can be 96 
simulated, was used to predict the percentage of electron energy, Eabs, absorbed in the active region (i layer) of 97 
Material Dopant Dopant type Thickness (µm) Doping density (cm
-3
) 
GaAs Be p 0.01 1×10
19
 
Al0.2Ga0.8As Be p 0.5 2×10
18
 
Al0.2Ga0.8As   3 Undoped 





 substrate     
 
the photodiodes across the energy range 1 keV to 66 keV in 1 keV steps.  The percentage of electron energy 98 
absorbed in the i layer was calculated by the ratio between the total electron energy deposited in the active layer 99 
and the total electron energy incident on a single photodiode’s face, where simulations informed the values used 100 
in this calculation.  Two sets of simulations, each using 4000 electrons, were performed at each electron energy.  101 
The first set was simulated as incident upon a portion of a pixel’s face which was not covered by the top metal 102 
contact (the so called window).  The second set was simulated as incident upon a portion of a pixel’s face which 103 
was covered by the top metal contact.  The results of the simulations were then combined in the appropriate 104 
proportions according to the areas covered and uncovered by the contact.  In each set of simulations, the GaAs 105 
p
+
 layer, the p
+
 layer, the n
+




 mesa structure, were considered 106 
to be inactive; i.e. only charge created by electrons in the undoped region (i layer) was assumed to be usefully 107 
absorbed.  One computer, with an Intel i7-6700 (4 cores, 3.40 GHz) processor and 32 GB of random access 108 
memory, was used to perform the simulations.  CASINO was configured to use its Mott by interpolation model; 109 
the ionisation potential was set to Joy & Luo [32]; the random number generator was set to Press et al. [33]; the 110 
effective section ionisation was set to Casnati et al. [34]; the direction cosine was set to Hovington et al. [29].  111 
Electrons were simulated as being incident at 90 ° to the photodiode’s face at the start of their track through the 112 
detector.  The electron beam width was set to 1 nm.  Secondary electron generation was not included in the 113 
simulations.  The same CASINO settings and presently reported methodology were used in refs [35], [36], and 114 
[37], to simulate similar situations in GaAs, SiC, and InGaP electron detectors.  Fig. 2 presents the percentage of 115 
electron energy absorbed in the photodiode, predicted from these simulations. 116 
 117 
 118 
Fig. 2. a)  Percentage of electron energy absorbed in the active layer (i layer) of the Al0.2Ga0.8As p
+-i-n+ mesa photodiode 119 
structure for electrons incident on the window (circles), weighted case for actual contact coverage of the pixel (diamonds), 120 
and electrons incident on the metal contact (triangles), as a function of electron energy, at 20 °C, as determined by Monte 121 
Carlo simulations.  The associated uncertainties were smaller than the symbols.  Fig. 2 b) number of electrons absorbed 122 
within the active layer of the Al0.2Ga0.8As p
+-i-n+ mesa photodiode structure, taking into account the actual contact coverage 123 
of the pixel, as a function of electron energy for 4,000 incident electrons of energy 15 keV (circles), 35 keV (squares), and 124 
60 keV (triangles), at 20 °C, as determined by Monte Carlo simulations.  Black lines have been included as guides for the 125 
eyes. 126 
 127 
When electrons were incident upon the window of a pixel, the percentage of electron energy absorbed in the i 128 
layer increased with increasing electron energy up to ≈ 33 keV (= 0.68 ± 0.03).  When electrons were incident 129 
upon the top metal contact of the detector, the percentage of electron energy absorbed in the i layer increased 130 
with increasing electron energy up to ≈ 44 keV (= 0.44 ± 0.02).  The weighted percentage of electron energy 131 




 mesa structure from the 132 
top) reached a maximum of 0.53 ± 0.04 at 38 keV.  The increase of the weighted percentage of electron energy 133 
absorbed in the i layer with increasing electron energy up to 38 keV suggested that the absorption of electrons at 134 
low energies was limited by the absorption of electrons within the inactive top layers of the detector (top metal 135 
contacts and p
+
 layers).  Beyond an electron energy of 38 keV, the weighted percentage of electron energy 136 
absorbed in the i layer decreased, falling to 0.29 ± 0.02 at 66 keV.  This suggested that the absorption of 137 
electrons with high energies (> 38 keV) was limited by the relative thinness (3 µm) of the active i layer, 138 
although losses in the inactive overlayers also played a part.  A thicker i layer would be required for the optimal 139 
absorption of electrons with energies > 38 keV; for example, it was found that ≈ 5 µm and ≈ 13 µm thick 140 
Al0.2Ga0.8As would fully absorb 95% of electrons with energies up to 38 keV and 66 keV respectively. 141 
 142 




 particle spectra 143 
4.1  Expected spectrum incident on the detector 144 
The β
-





 particle source was also simulated using the Monte Carlo simulation program CASINO [29][30].  146 
Included in these simulations were the effects of self-absorption within the 
63




 particles as they passed through the radioisotope β
-
 particle source’s inactive Ni overlayer (1 µm thick, 148 
density of 8.9 g cm
-3
 [31]) and the dry N2 atmosphere (7 mm thick, density of 1.16 g cm
-3 




 particle source and the detector array.  66 independent simulations were conducted in steps 150 
of 1 keV, from 1 keV to 66 keV (the 
63
Ni endpoint energy).  The number of electrons simulated at each energy 151 
was dependent on the relative emission probability, Pi, of each β
-
 particle energy from 
63
Ni as corrected for 152 
self-absorption in a 3 µm thick layer [39].  A total of 18,199,200 electrons were simulated.  This number was 153 
selected to ensure sufficiently good statistics for interpretation of the data rather than to directly reflect the 154 
number of β
-
 particles which would be emitted from the source during the experimental accumulation of spectra 155 
reported in Section 4.2.  A bank of 14 computers, each with an Intel i7-6700 (4 cores, 3.40 GHz) processor and 156 
32 GB of random access memory, was used to perform the simulations.  The presently reported methodology 157 
was the same as that used in refs [35], [36], and [37]. 158 
 159 
The computed trajectories of the simulated electrons were used to calculate the remaining energy of each 160 
electron after passing out of the 
63
Ni itself and through the Ni overlayer and N2 layer.  The remaining energies of 161 
each of the 18,199,200 electrons were then binned into channels each of 1 keV width, thus providing the 162 
spectrum expected to be incident on the top face of the detector array.  This spectrum is presented in Fig. 3.  163 






 particle spectrum predicted to be detected by each pixel was then calculated by combining the 166 
weighted histogram of deposited electron energies as a function of incident electron energy, produced by the 167 
Monte Carlo simulations used to predict the percentage of electron energy absorbed in the active region of the 168 
photodiodes (see Section 3), with the spectrum expected to be incident upon the detector.  This is shown in Fig. 169 
3, alongside the emitted spectrum and the spectrum incident on the detector.  The spectrum predicted to be 170 
detected does not include the effects of Fano noise, spectrometer electronic noise, incomplete charge collection, 171 
or pixel edge effects.  A key outcome of the simulations was the prediction of the spectrum’s apparent endpoint 172 
energy which would be detected during the experimental measurements. 173 
 174 
 175 
Fig. 3.  Simulated 63Ni β- particle spectrum as emitted from the active material of the source including self-absorption 176 
(circles), incident on the top face of the detector (triangles) thus including attenuation in the inactive Ni overlayer and N2 177 
atmosphere, and predicted to be detected (squares).  The relative probability axis refers to the predicted to be detected 178 
(squares) data series only.  A relative probability of 1 (solid line) was assigned to the mean number of counts detected per 179 
channel within the broadly flat region (1 keV ≤ E ≤ 20 keV) within the spectrum predicted to be detected.  The associated 180 






particle spectroscopy 183 
Each pixel of the array was connected, in turn, to a single channel custom-made low-noise charge-sensitive 184 
preamplifier of feedback resistorless design, similar to that reported in ref. [40].  The output signal of the 185 
preamplifier was shaped using an Ortec 572A shaping amplifier, which was then connected to a multi-channel 186 
analyser (MCA) for digitisation.  The temperature of the detector array and the preamplifier was 20 °C 187 
throughout the experiment.  The detector array was operated in a dry N2 environment for the duration of the 188 




 particle source was 189 
placed 7 mm ± 1 mm above the detectors in the same dry N2 environment.  A spectrum accumulation live time 190 
of 1000 s and a shaping amplifier shaping time of 2 μs (optimal available shaping time for this detector array at 191 




 particle spectrum, with a reverse bias of 30 V applied to each pixel.  The 192 
pixels were fully depleted when operated in this bias condition.  The spectra accumulated using each pixel are 193 




 particle spectrum has been energy calibrated using the apparent 194 
endpoint energy determined from the simulations (see Section 4.1) taking into account the number of detected 195 
 
counts and as such, the relative probability of detection, and the position of the zero energy noise peaks (not 196 
shown in the figures).  The uncertainty in the apparent endpoint energy was ≤ 1 keV for each pixel.  It was 197 
assumed that there was a linear variation of spectrometer output as a function of detected energy between the 198 




Fig. 4.  Experimentally measured 63Ni β- particle spectra obtained using pixel: a) D1; b) D2; c) D3; d) D4.  The accumulated 203 
spectra are presented in terms of counts per keV.  The associated uncertainties were omitted for clarity. 204 
 205 




 particle spectra were compared with that predicted to be detected from the 206 
simulations.  This comparison for pixel D1 is presented in Fig. 5.  Comparable results were obtained for the 207 




 particle 208 
spectra of D1 was attributed to the right hand side of the zero energy noise peak tail not being entirely 209 
eliminated by the low energy threshold (2 keV).  At energies ≥ 11 keV the predicted to be detected spectra was 210 




 particle spectra of each pixel within the measured 211 
uncertainty, demonstrating uniformity in response across the two by two pixel array. 212 
 213 
 214 
Fig. 5.  Comparison between the experimentally measured 63Ni β- particle spectrum using pixel D1 (grey line) and that 215 
predicted from the simulations (squares).  The experimentally measured spectrum was normalised to the mean number of 216 
counts detected per channel within the broadly flat 11 keV ≤ E ≤ 20 keV region of the experimentally measured spectrum.  217 
The predicted to be detected spectrum was normalised to the mean number of counts detected per channel within the broadly 218 




5.  A method to improve high energy response 222 
Whilst the thickness of the detector’s active region could be increased to improve the high energy response of 223 
the spectrometer, an alternative approach would be to use multiple thin detectors (e.g. as part of a pixel array) 224 
each of which has a different thickness of inactive absorber material in front of the pixel.  This may be a useful 225 
approach in the case that thin commercial-off-the-shelf (COTS) detectors are being used by researchers who are 226 
unable to grow custom structures and procure suitable detectors with thick active layers from external suppliers.  227 
For example, in the instance of the presently reported four pixel array, one pixel may have no additional 228 
absorber, and the other three pixels may have progressively thicker aluminium layers (e.g. 20 µm, 100 µm, and 229 
500 µm for D2, D3, and D4, respectively) deposited on top of them.  A soft electron would be entirely 230 
attenuated by such Al layers, and would be thus prevented from reaching the pixel in question.  However, for a 231 
high energy electron, the Al layer would only attenuate some of that electron’s energy, with the remainder 232 
available to be absorbed in the pixel.  Such Al layers could be tailored to be of appropriate thickness to reduce a 233 
portion of the incident spectrum’s energy to that which is more readily detected by the thin detectors.   234 
 235 
Monte Carlo simulations were conducted in order to identify the suitable Al layer thicknesses for example 236 
incident electron energies of 100 keV, 200 keV, and 500 keV.  Al layers of varying thickness, directly atop the 237 
presently reported Al0.2Ga0.8As detecting structure, were simulated at each electron energy of interest, using 238 
4,000 electrons in each case.  Two sets of simulations were conducted for each Al layer thickness in order to 239 




mesa structure metal contact.  They 240 
were combined in the appropriate proportions (see Section 3).  Secondary electron generation was not included 241 
in the simulations.  In the case of an incident electron energy of 100 keV, Al thicknesses of 5 µm, 10 µm, 20 242 
µm, 30 µm, and 40 µm were simulated, see Fig. 6.  The total number of detected counts from the resulting 243 
spectra, given 4,000 incident electrons, were then compared in order to establish the optimal Al thickness 244 
(greatest number of detected counts).  Detected counts below an electron energy of 11 keV were not considered 245 
due to the mismatch between experimental and simulated results which was reported earlier (see Section 4.2). 246 
 247 
 248 
Fig. 6.  Counts detected as a function of the deposited electron energy for a simulated Al0.2Ga0.8As pixel with: no Al layer 249 
(filled squares); a 5 µm Al layer (empty circles); a 10 µm Al layer (plus signs); a 20 µm Al layer (filled circles); a 30 µm Al 250 
layer (empty triangles); a 40 µm Al layer (crosses).  The associated uncertainties were omitted for clarity. 251 
 252 
The resulting simulations showed that the number of counts detected from 4,000 incident 100 keV electrons was 253 
increased from 1291 ± 36 to 1664 ± 41 when a 20 µm Al layer is introduced.  Similarly, the numbers of detected 254 
counts were increased from 397 ± 20 to 944 ± 31 given 4,000 incident 200 keV electrons, and from 101 ± 10 to 255 
382 ± 20 given 4,000 incident 500 keV electrons, with the introduction of 100 µm and 500 µm Al layers, 256 
respectively.  Fig. 7 shows how 20 µm, 100 µm, and 500 µm Al layers placed atop an Al0.2Ga0.8As pixel 257 
improves the number detected counts for the spectrometer.  The introduction of Al absorption layers atop the 258 
Al0.2Ga0.8As structure was found to increase the Eabs of the spectrometer by 22 % (0.1238 ± 0.0020 to 0.1508 ± 259 
0.0024) at 100 keV; 46 % (0.0296 ± 0.0005 to 0.0431 ± 0.0007) at 200 keV; and 20 % (0.0065 ± 0.0001 to 260 





Fig. 7.  Comparison of detected counts as a function of energy given 4,000 incident electrons of energy (a) 100 keV, (b) 200 265 
keV, and (c) 500 keV, between an Al0.2Ga0.8As pixel with the corresponding Al layer (empty squares), and without the Al 266 
layer (filled circles).  The associated uncertainties were omitted for clarity. 267 
 268 
 269 
6.  Discussion of space science applications 270 
The above results have demonstrated that this prototype Al0.2Ga0.8As pixel array can be used for spectroscopic 271 
(FWHM at 5.9 keV = 0.76 keV ± 0.06 keV at 30 V applied to the detector, at 20 °C [27]) particle counting 272 
detection of electrons when coupled to suitable readout electronics.  This is the first time Al0.2Ga0.8As has been 273 
demonstrated for this application.  Previous reports have shown AlxGa1-xAs to be potentially radiation hard 274 
[16][17][18].  Consequently, electron spectrometers with Al0.2Ga0.8As detectors (either as single pixels or pixel 275 
arrays) may find use in future space missions to intense radiation environments.  The benefits of inherently 276 
radiation-hard instrumentation may be demonstrated by considering the JEDI particle spectrometer on board the 277 
Juno spacecraft [3].  JEDI has an instrument mass of ≈ 1.4 kg plus ≈ 5 kg of radiation shielding [3].  If such an 278 
instrument was realisable using detectors and electronics of sufficient radiation tolerance that the shielding 279 
could be reduced in mass to the extent that the shielding only contributed 50% of the total instrument mass (i.e. 280 
an instrument mass of 1.4 kg plus 1.4 kg of shielding, for the JEDI example), two instruments could be flown 281 
within the same mass budget with 0.8 kg spare. 282 
 283 
Indeed the development of radiation hard instrumentation, including electron spectrometers, for use in the 284 
Jovian system is a pressing matter.  The magnetosphere of Jupiter is plasma-rich and of particular interest in 285 
contemporary space science.  Jupiter’s moon Io releases 1 Mg/s of O and S through volcanic eruptions [42].  286 
Complex processes, involving magnetic field ruptures and plasma instabilities, accelerates this material, in 287 
addition to solar particles, to high energies, creating high energy ion and electron populations throughout 288 
Jupiter’s magnetosphere.  Measurements of these electrons and ions, including their associated energy, spatial, 289 
and angular distributions, can help studies of the nature and origin of the Jupiter’s magnetic field, which is the 290 
largest and fastest rotating magnetic field in the Solar System after that of the Sun [42].   291 
 292 
Whilst the detector array presented here is only a proof-of-concept prototype, it is informative to consider 293 





 particle spectra were in agreement (see Section 4.2), a spectrum predicted to be detected within 295 
the near-Jupiter radiation environment was also considered.  The omnidirectional electron flux (computed by 296 
ref. [43]) within the Jovian system, at a radial distance of 8.25 RJ (Jovian equatorial radius, RJ, = 71.4 Mm), was 297 
used to represent the soft electron (< 66 keV) radiation environment between the orbits of Io (5.90 RJ) and 298 
Europa (9.25 RJ), and is shown in Fig. 8.  For clarity, and given the reported percentage of electron energy 299 
absorbed in the active region (i layer) of the pixel array (see Fig. 2), only electrons with energies in the range 300 
 
1 keV – 66 keV were included in the prediction of the electron spectrometer’s response in the Jovian 301 
environment.  It should be noted that much higher electron energies (up to MeV energies) are also present 302 
within Jupiter’s magnetosphere, albeit at reduced abundances. 303 
 304 
 305 
Fig. 8.  Omnidirectional electron flux predicted at 8.25 RJ radial distance from Jupiter, as a function of energy, and 306 
calculated by ref. [43]. 307 
 308 
To convert the omnidirectional electron flux shown in Fig. 8 into the spectrum predicted to be incident on one 309 
Al0.2Ga0.8As pixel of the type discussed above (excluding additional Al layers), the flux was halved (thus 310 




).  The electron 311 
spectrum predicted to be usefully absorbed in the pixel’s active region (assumed to be only the pixel’s i layer) 312 
was then calculated by considering the weighted histogram of deposited electron energies as a function of 313 
incident electron energy, produced by the Monte Carlo simulations used to predict the percentage of electron 314 
energy absorbed in the active region of the detector (see Section 3), which accounted for energy losses within 315 
the dead layers of the pixel (the top Ohmic contact, the p
+
 layer, the n
+
 layer, and the substrate).  Fig. 9 shows 316 
the spectrum predicted to be incident on the pixel and the spectrum predicted to be detected.  The spectrometer’s 317 
Fano noise, electronic noise, and any incomplete charge collection noise were excluded from the predictions, as 318 
were pixel edge effects.  Electron energy losses within the top contact and p
+
 layers explain the difference 319 
between the spectra in Fig. 9 at low energies, whereas the thinness of the active region explains the difference at 320 
high energies. 321 
 322 
 323 
Fig. 9.  Comparison between the electron spectrum (energy range, 1 keV to 66 keV) predicted to be incident on the detector 324 
(solid line) and spectrum expected to be detected (dashed line) at 8.25 RJ from Jupiter.  The associated uncertainties were 325 
omitted for clarity. 326 
 327 
It is also informative to consider the required spatial resolution for such a spectrometer.  For a spectrometer 328 
moving on a spacecraft in orbit, the distance travelled in the time taken to collect an adequate (statistically 329 
significant) number of counts across the energy range of interest can be the limiting factor.  Clearly, the 330 
percentage of electron energy absorbed in the i layer and area of the spectrometer’s detector each play a part in 331 
this.  The smallest auroral structures so far imaged at Jupiter are ≈ 80 km wide [44].  In addition, spacecraft 332 
orbiting Jupiter must travel at high speed due to Jupiter’s large gravitational well (e.g. JUNO’s orbital velocity ≈ 333 
50 km s
-1
 [3]).  Therefore, in order to spatially resolve similarly sized features at the spacecraft’s orbit, the 334 
accumulation time of each spectra needs to be sufficiently short.  In the case of JUNO, the electron spectrometer 335 
 
was required to have an accumulation time of < 0.6 s [3].  Assuming a spacecraft speed of 50 km s
-1
, this yields 336 
a spatial resolution of 30 km per spectrum.  Given a single pixel of the 2 × 2 square pixel photodiode array 337 









within the energy range 1 keV to 66 keV), the total number of counts expected to be detected over an 339 
accumulation time of 0.6 s, would be 3.13 × 10
3
 counts per pixel ± 43 counts per pixel.   340 
 341 
Crudely speaking, given a source of constant excitation intensity, the detection of particles constitutes the 342 
counting of random events, and obeys the law of Poisson statistics.  If the Omnidirectional electron flux 343 
predicted at 8.25 RJ radial distance from Jupiter is treated as such (an oversimplification, but useful for present 344 
purposes), then the relative statistical precision of the measurement can be approximated as ≈ 1/√(Imt), where Im 345 
is the counting rate and t is the real time of detection [45].  The total number of counts per pixel therefore has a 346 
relative statistical precision of ≈ 2 %.  In order to identify and understand the incident electron flux from the 347 
detected spectrum, the statistical significance of accumulated counts across the investigated energy range needs 348 
to be high [46] and the electron environment must be modelled.   349 
  350 
7.  Conclusion 351 




 mesa photodiode array (each photodiode of area 352 
200 µm by 200 µm, with a 3 µm i layer) was investigated for its utility as a direct detection electron detector 353 
operating uncooled at 20 °C.  Each of the four Al0.2Ga0.8As pixels were electrically characterised and their 354 




 particle source were measured, with each pixel connected 355 
in turn to a custom-made low-noise charge-sensitive preamplifier and spectrometer readout chain.  The results 356 
reported here are the first demonstration of Al0.2Ga0.8As for direct detection electron spectroscopy. 357 
 358 
The work was part of an ongoing programme to develop low-mass, low-volume, low-power, electron 359 
spectrometers, capable of operating within high temperature and intense radiation environments.  The 360 
development of such instruments is motivated by anticipated future space science missions to extreme 361 
environments; such missions may include study of the plasma environments of the Jovian and Saturnian 362 
magnetospheres.   363 
 364 





 particle spectrum expected to be detected by each pixel of the array, were calculated using Monte Carlo 366 
simulations.  The simulated spectra (i.e. those expected to be detected) were found to be in good agreement with 367 




 particle 368 
source at room temperature (20 °C) could be identified without any need for cooling.  369 
 370 
As a possible option to improve the high energy response of the reported electron spectrometer, which was 371 
relatively thin, inactive Al absorber layers to be placed atop the detecting structure were investigated using 372 
Monte Carlo simulations.  These simulations showed that the number of counts detected from 4,000 incident 373 
100 keV electrons could be increased from 1291 ± 36 to 1664 ± 41 if a 20 µm Al layer was introduced.  374 
Similarly, the numbers of counts could be increased from 397 ± 20 to 944 ± 31 given 4,000 incident 200 keV 375 
electrons, and 101 ± 10 to 382 ± 20 given 4,000 incident 500 keV electrons, with the introduction of 100 µm 376 
and 500 µm Al layers, respectively.  Thus the simulated Eabs of the spectrometer was found to increase by 22 % 377 
(0.1238 ± 0.0020 to 0.1508 ± 0.0024) at 100 keV; 46 % (0.0296 ± 0.0005 to 0.0431 ± 0.0007) at 200 keV; and 378 
20 % (0.0065 ± 0.0001 to 0.0078 ± 0.0001) at 500 keV, respectively, when these inactive Al absorption layers 379 
were employed. 380 
 381 
To inform future development of Al0.2Ga0.8As detectors for space science applications, the electron spectrum 382 
predicted to be detected by a spectrometer employing an Al0.2Ga0.8As photodiode of the type described within 383 
the near-Jupiter radiation environment was considered.  Given a single pixel of the 2 × 2 array reported here, 384 








 within the 385 
energy range 1 keV to 66 keV), the total number of counts expected to be detected over an accumulation time of 386 
0.6 s would be 3.13 × 10
3
 counts per pixel ± 43 counts per pixel.  Assuming a spacecraft speed of 50 km s
-1
, this 387 
accumulation time yields a spatial resolution of 30 km per spectrum, sufficient to investigate the electron 388 
environment features of the same size as the smallest auroral structures so far imaged at Jupiter (≈ 80 km wide 389 
[44]). 390 
 391 
In future work, characterisation of thicker i layer Al0.2Ga0.8As devices will be reported such that the percentage 392 
of electron energy absorbed in the active region (i layer) of the detector, and detected electron energy range, can 393 
be improved in order to satisfy the scientific objectives of future space science missions, potentially replacing 394 
current generation Si solid state detectors as the detector of choice for space based electron spectrometers.  395 
 
Detectors of larger active area will also be investigated.  In addition, the characterisation of AlxGa1-xAs of 396 
varying Al concentration will also be reported in order to investigate the relationship between Al concentration 397 
and response to illumination with β
-
 particles. 398 
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Material Dopant Dopant type Thickness (µm) Doping density (cm
-3
) 
GaAs Be p 0.01 1×10
19
 
Al0.2Ga0.8As Be p 0.5 2×10
18
 
Al0.2Ga0.8As   3 Undoped 
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Table 1
